ABSTRACT: Multiexcitons in emerging semiconducting nanomaterials play a critical role in potential optoelectronic and quantum computational devices. We describe photon resolved single molecule methods to directly probe the dynamics of biexcitons and triexcitons in colloidal CdSe quantum dots. We confirm that biexcitons emit from a spin-correlated state, consistent with statistical scaling. Contrary to current understanding, we find that triexciton emission is dominated by band-edge 1S e 1S 3/2 recombination rather than the higher energy 1P e 1P 3/2 recombination.
N anocrystals (NCs) are of interest as fluorophores for lasing and display technologies 1−5 and single-photon sources for quantum computing applications 6 due to emission wavelength tunability from the ultraviolet to the infrared via particle size and material composition, 7 high single-exciton photo luminescence (PL) quantum yield, and relatively narrow emission line width. 8 To facilitate improvements in NC device functionality and expand NC applications, it is crucial to understand how competing radiative and nonradiative processes contribute to observed NC multiexciton emission dynamics and quantum yield.
Recent years have shown a breakthrough in understanding how to control Auger recombination rates in colloidal NCs and therefore biexciton quantum yields. 9−14 Multiexciton emission is primarily quenched by Auger recombination when an exciton recombines and excites a third carrier to a higher energy state, dissipating energy without emitting a photon. 15 Experimental and theoretical studies of core/shell samples of II−VI CdSe based NCs suggest that the core/shell interface is crucial in determining the rate of Auger recombination, which has led to the synthesis of NC samples with unity biexciton (BX) quantum yield. 9, 12, 13 It has generally been assumed that BX emission from II−VI and III−V NCs originates from two spin-correlated, band-edge excitons, yielding a four-times faster radiative rate for the BX in confined, zero-dimensional NCs as compared to the single exciton (X) radiative rate. 12,16−18 Higher-order multiexcitons (≥3) in CdSe NCs occupy not just the S-like (1S e 1S 3/2 ) band-edge states, but the higher-lying, P-like (1P e 1P 3/2 ) states as well. 19−22 Current methods to interrogate the triexciton (TX) rely on modeling of fluxdependent ensemble PL lifetimes, spectrally filtering emission after high-flux excitation, or low temperature (∼4 K) measurements where multiexciton emission is spectrally distinct. [19] [20] [21] 23 Results from these studies demonstrate that if emission from the P-like state occurs, it precedes S-like emission. 21 Additionally, S-like triexciton recombination was measured to have a larger yield than P-like recombination at low temperature in CdTe/CdSe NCs, which are analogous to CdSe/CdS. However, none of these studies were able to identify the dominant emissive state for the CdSe triexciton at room temperature, and many works continue to assume triexciton recombination occurs from the P-like state. 18, 24, 25 In this work, using CdSe based NCs, we extend single photon methods to resolve the dynamics of individual multiexcitonic states. We unambiguously measure the factor of 4 rate increase for the BX radiative rate as compared to the X as a demonstration of the power of this technique. We then utilize this method to conclusively identify the origin of TX emission, which had not been possible with previous state-ofthe art methods. Finally, we are able to extract all Auger rates and determine that band-edge processes dominate the yield of both BX and TX recombination.
We designed a fluorescence microscope and an analysis algorithm to optimize for multiexciton dynamics detection, utilizing number-resolved, time-correlated single photon counting spectroscopy of individual NCs. The microscope is schematically illustrated in Figure 1a . We collect the fluorescence from a single NC isolated on a glass substrate in a dilute film (<0.1 NC/μm 2 ) excited by a pulsed excitation source. The emitted photon stream is spatially filtered with a 50 μm pinhole and then split equally between four single photon counting modules. For BX studies, we select a power such that the three-photon absorption rate is less than 1% of the two-photon absorption rate. We leverage the Poissonian absorption statistics of the NC to separate the number of absorbed Xs, BXs, and TXs by multiple orders of magnitude. Therefore, when sorting emission by the number of photons detected after a single excitation pulse, we ensure that a two photon detection event necessarily corresponds to a biexciton.
We resolve the dynamics of the BX and TX states through the photon number resolved lifetime (PNRL) algorithm, illustrated in Figure 1b and previously described by Canneson et al. 26 and Bischof et al. 11 For number resolution to accurately reflect the dynamics of the desired state, it is crucial to excite samples at sufficiently low fluxes that the Poissonian absorption properties of the NC ensure higher order multiexcitons are at least two orders of magnitude less likely. For example, when extracting BX dynamics and quantum yield, TX formation events must be one hundred times less likely. To obtain PNRLs we sort the emitted photon stream by the number of photons detected per pulse. We then histogram the arrival time of each photon relative to the prior photon index. We modify the notation introduced by Bischof et al. 11 to PNRL (x,y,z) such that the superscript x represents the number of photons detected per excitation pulse, y is the start index, and z is the stop index.
The samples studied here consist of core/shell spherical CdSe NCs. Unless otherwise specified, samples are core/shell CdSe NCs obtained from QDVision. Shell thickness studies were performed on a series of CdSe/CdS NCs with 1 to ∼8 monolayers of CdS synthesized according to ref 27 .
When operating at low-flux, NC emission is only ∼5 times as intense as background emission. Therefore, we must thoroughly characterize and subtract the background dynamics to isolate NC signal. To do so, we exploit the binary blinking of NCs (Figure 1c inset) . In Figure 1c , we plot the PL lifetime of both the "on" (blue) and "dark" (green) states determined from the fluorescence intensity trace. The dynamics of the dark state, plotted in Figure S2 , are dominated by emission from the substrate, verifying that the origin of the dark emission is predominantly unrelated to the NC. To obtain the intrinsic NC lifetime we subtract the "dark" emission dynamics from the on-state dynamics, effectively isolating NC emission. This leads to a monoexponential decay for exciton emission ( Figure  1c , black). We fit the PL decay to a single exponential and obtain a radiative lifetime of 30.5 ± 0.1 ns, which is consistent with previously reported values for similar NCs. 28, 29 To establish the effect of multiexciton interactions on the radiative recombination rate, we utilize the PNRL algorithm to measure the lifetime of the BX and compare that to the X dynamics.
where r BX/X is the scaling factor between the X and BX radiative rates, k rad,BX is the BX radiative rate, k rad,X is the X radiative rate, τ X is the X lifetime ( Figure 1c , black), QY BX / QY X is the BX to X quantum yield ratio (Figure 2a , inset), and τ BX is the BX lifetime. All of these values can be determined through our low-flux photon counting techniques. Due to the low fraction of BX emission events, the BX lifetime is particularly sensitive to systematic error due to twophoton events with one photon originating from a background source. By convoluting the lifetime of the X and the background, we can calculate the background signal for twophoton dynamics.
where PNRL bkg (2,0,1) is the two-photon event background signal, t rep is the laser repetition rate, PNRL off (1, 0, 1) is the lifetime of the dark state (Figure 1c, green) , and PNRL NC (1,0,1) is the NC X lifetime (Figure 1c, black) . We subtract the dynamics calculated using eq 2 from the total PNRL (2, 0, 1) signal to obtain the true BX dynamics ( Figure S3) . A thorough description of our background characterization methodologies can be found in the Supporting Information (SI). Additionally, since NC and coverslip emission are uncorrelated, the background emission described by eq 2 contributes equally to the center and side peaks in a g (2) correlation measurement as well and must be subtracted to extract the BX quantum yield. Failure to do so artificially increases the calculated BX yield ( Figure S4 ). Here, we measure a value of 14.5 ± 0.3% for the background subtracted BX to X quantum yield ratio (QY BX /QY X ).
We extract r BX/X = 4.0 ± 0.1 from eq 1 using the measured BX to X quantum yield ratio (14.5%), the X lifetime (30.5 ns), and the measured BX lifetime of 1.1 ± 0.1 ns (Figure 2a ). This result is consistent with statistical scaling of the state illustrated in Figure 2c , 18 which predicts a factor of 4 increase in rate for the BX relative to the X. At room temperature, only half of the X's are available to radiatively recombine due to spin selection rules. This is due to (1) the hole can rapidly spin mix (<10 ps), much faster than the radiative recombination time, 30−32 and (2) the spin-allowed and spin-forbidden states are only split by ∼1−5 meV, well within k B T at room temperature. This leads to equal populations of the two states (±2 (dark), ± 1 L (bright)), with fast phonon-mediated exchange between them. 31, 33 For the bound BX manifold, there are two spinpaired X's that can recombine independently, giving rise to a radiative speed up by a factor of 2 compared to a single spinpaired X. The combination of the factors of 1/2 (for the X) and 2 (for the BX) results in a BX radiative rate four times faster than that for the X.
11,16−18
Next, we address the lifetime of the subsequent photon after BX recombination. In Figure 2b we plot the delay between the first and second photon of a BX (PNRL (2, 1, 2) ). For this NC, we measure a PNRL (2, 1, 2) value of 32 ± 3 ns, which is consistent with the X lifetime of 30.5 ± 0.1 ns. The agreement between these lifetimes indicates the X has no memory of the multiexciton state from which it originated. The lack of memory confirms that, in the absence of NC charging, all losses in device efficiency under high-flux excitation originate from low MX QY, rather than any change to the exciton emission pathway, and therefore, the best way to improve device performance is the reduction of Auger rates.
Having shown that BX emission in core/shell CdSe is consistent with the bound BX model illustrated in Figure 2c and that the remaining X has no memory, we now expand our studies to a shell-series. CdSe/CdS is a quasi-type II heterostructure where the electron delocalizes into the shell and the hole remains confined to the core, decreasing the electron−hole wave function overlap and increasing the X lifetime. 10 Increasing shell thickness also reduces the exchange energy, therefore decreasing the fine-structure splitting. 34 Figure 3a plots the measured BX lifetime against the product of τ X and QY BX . Using a linear fit, we extract r BX/X from the slope (eq 1).
We obtain a slope of 4.3 ± 0.4 from an error weighted fit to a first-order polynomial with the intercept set to the origin. This result indicates universal agreement between BX emission and the bound BX model for shell thicknesses studied here. Figure 3b plots the X lifetime against the lifetime of the second photon of a BX. Error weighted fitting to a first-order polynomial with the intercept set to the origin gives a slope of 1.04 ± 0.07. The equivalence between the two lifetimes across all shell thicknesses confirms that previously reported rapid spin mixing is sufficient to ensure subsequent X emission has no observable memory of its origin in these NCs.
30,31
We next utilize our ability to determine state specific quantum yields and dynamics to probe the dominant processes that control TX recombination. In Figure 4 , we show the extension of our measurements to TX emission. Figure 4a is a plot of the pulse-integrated third-order correlation. ΔP 1−2 is 
where g 0 (3) is the third-order correlation, G 3 is the area of the center peak (three photons detected after the same laser pulse, Figure 4a , C), and the product of G 2 and G 1 is the area of the side peak (two photons are detected after a single laser pulse and one photon on the subsequent pulse, Figure 4a , S), and QY TX /QY X is the TX to X quantum yield ratio. We calculate a TX to X quantum yield ratio of 12.3 ± 0.6% for this NC.
We extract the relative increase of the TX radiative lifetime as compared to the X lifetime similarly to how we determine the scaling for the BX in eq 1. 
where r TX/X is the relative speed up of the TX radiative rate compared to the X, k rad,TX is the TX radiative rate, k rad,X is the X radiative rate, τ X is the X lifetime, QY TX /QY X is the triexciton to exciton quantum yield ratio, and τ TX is the triexciton lifetime. We can predict the value of r TX/X for either S-like or P-like emission. For P-like emission, we utilize Fermi's Golden Rule to predict the radiative rate of the state.
where k j is the rate of emission from state j, ω j is the energy of the state j, and |⟨i|p|j⟩| 2 is the momentum overlap between states i and j. Since both the S-like and P-like states originate from the same Bloch wave function, the momentum overlap should not differ appreciably. 37 The energy difference between the states in spherical NCs (<250 meV) only causes, at most, a 10% difference in the radiative rate. 20 Additionally, the P-like state has similar fine-structure to the S-like state, resulting in the same factor of 1/2 decrease in the emission rate as compared to a purely emissive state. 22 Therefore, we predict the radiative lifetime of the P-like state to be within 10% of the lifetime of the exciton. For triexciton emission originating from the S-like state, we expect the radiative lifetime to be equivalent to the biexciton radiative lifetime. Thus, r TX/X will be ∼1 for pure P-like emission, r TX/X will be 4 for pure S-like emission, and r TX/X will be ∼5 if both S-like and P-like pathways are active in triexciton recombination. If both pathways are active, emission is dominated by the faster Slike emission.
We extract a speed up of r TX/X = 4.2 ± 0.6 for the triexciton using eq 4 with a triexciton lifetime (Figure 4b ) of 0.9 ± 0.1 ns, a triexciton to exciton quantum yield ratio of 12.3%, and an exciton lifetime of 30.5 ns. Since 4.2 falls between the predicted value for pure S-like emission and for both S-like and P-like emission simultaneously, we conclude that triexciton emission dynamics are dominated by S-like recombination.
Although previous studies have demonstrated emission from the P-like state via a spectral shift under high-flux excitation, unlike here, these works have not exclusively isolated triexciton emission from that of higher-order multiexcitons.
19−21 Our analysis above indicates that in order to observe significant Plike emission from a NC, multiexcitons higher than third order are necessary to overcome S-like emission. Indeed, these previous studies had an average of more than two excitons per NC, consistent with this hypothesis.
We next address the nonradiative processes that control the TX quantum yield. We apply the statistical scaling results calculated above to determine the Auger rate for both the biexciton and triexciton. Assuming that the emission rate extracted from the X lifetime is the radiative rate, implying the QY X is 100%, we can utilize the values measured above and an alternate definition of the biexciton quantum yield to extract Auger rates. From the BX quantum yield, we can extract the BX Auger rate by utilizing the bound BX radiative rate of four times the X radiative rate, or 0.131 ± 0.002 ns 
where QY BX is the BX quantum yield, k rad,BX is the BX radiative rate, and k nr,BX is the BX Auger rate. We find the BX Auger rate is 0.77 ± 0.06 ns −1 for this NC. 
where QY TX is the TX quantum yield, k rad,TX is the TX radiative rate, and k nr,TX is the TX Auger rate. The TX Auger rate for this particle is 1.0 ± 0.2 ns −1 . Even with multiple new Auger processes between S-like and P-like carriers due to the addition of a third exciton to the system, the total Auger rate is similar for the BX and TX. Thus, the newly added pathways are likely much slower than Auger processes between carriers residing in the band edge S-like state, and the addition of a third exciton does not greatly alter the rate of S-like Auger processes. The similarity in both radiative and Auger rates of the BX and TX account for the similar quantum yields measured for the states.
Measurement of PNRL (3, 1, 2) (Figure 4d) indicates that the lifetime of the second photon from a TX (1.2 ± 0.1 ns) is equivalent to the BX lifetime (1.1 ± 0.1 ns) measured by PNRL (2, 1, 2) , showing a continued lack of system memory. With the TX emission arising primarily from the S-like state, thermalization must be sufficiently rapid that P-like emission from the newly created hot BX does not occur (Figure 4e ). This is consistent with previous experiments studying the thermalization rate in CdSe NCs and by spectrally resolved g (2) measurements showing P-like emission always precedes S-like if P-like emission occurs. 38−41 In this Letter, we have developed a comprehensive understanding of BX and TX dynamics in CdSe-based NCs of different shell thicknesses under low-flux excitation. First, we have unambiguously demonstrated the often assumed factor of 4 scaling between the X and BX radiative rates for a variety of CdS shell thicknesses, even for thick shell particles with drastically different exchange energies than core only NCs. We utilize our BX results to further show that TX recombination is dominated by both band-edge radiative recombination and Auger processes rather than contributions from the higherlying P-like state.
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